Sizing systems for commercial off-the-rack clothing have historically been based on a mix of tradition, trade secrets and anthropometric data. More recently, large quantities of information from 3D body scanners have become available, creating a new source of data from which off-the-rack clothing can be sized and designed. [We note that some scanning systems are used for made-to-measure or custom garments, and those processes are not the subject of this paper. This paper will also not deal with the direct use of the 3-D image to create patterns without the extraction of dimensions.] With these new, large, datasets available it is worthwhile to review the whole process of how to go from a scanner-produced anthropometric dataset to finished patterns.
Ones that we have found useful are described in Kikta and Churchill (1977) and Churchill (et al., 1988) . They involve a two-step process in which population outliers are first identified, and then values are checked against each other within each individual to look for reasonableness.
The final step in preparation of the working database is to correct for any deficiencies in sample acquisition. In nearly every case in my experience, the actual measured or scanned sample does not exactly match the sampling goal. As long as the scanned sample is reasonably close to the target, it is possible to statistically weight the data set to make it match the demographic characteristics of the target population.
The weights are calculated as the relative frequency of a given cell in the target population, divided by the relative frequency of the same cell in the sample. For example, in a sampling plan with two characteristics such as racial group and age group, it can be expressed as:
[N 1,1 /(N 1,1 + N 1,2 + … + N i,,j )] / [n 1,1 /(n 1,1 + n 1,2 + … + n i,,j )]
where N is the count from the demographic cell in the target, n is the count from the age/race cell in the sample, i is the subscript for the last age group, and j is the subscript for the last racial group.
Sampling cells which are under-represented will have a higher statistical weight. Cells in the sample that are over-represented will have a lower statistical weight. Using the weighted anthropometric values when calculating any final statistics or conducting other analyses will approximate the true anthropometric values in the target population as a whole.
Another approach to solving problem of non-representativeness of samples was pioneered by Parkinson and Reed (2009) , who developed a method to create a virtual population with the required demographic characteristics. Using a combination of principal component analysis and linear regression, they create statistical models that draw on the anthropometric relationships in a population with many dimensions, to match the demographic distribution of a population (the target) with some but fewer anthropometric dimensions. Their demonstration creates a virtual database by using two different populations, but it could be equally well applied in the current context, where the population of interest has been sampled, but sampled imperfectly.
Creating the sizing system
The next step in an anthropometric sizing system is to determine the key dimensions. These are the dimensions according to which an individual will identify which size to purchase. In most cases these are a matter of tradition: men's dress shirts, for example, are sized by neck circumference and sleeve length. Men's trousers are sized on waist circumference and inseam. For totally new garments, or for some types of one-piece garments, such as a protective coverall, it is necessary to examine the advantages and disadvantages of a set of key dimensions. For example, in the context of the sale, will a customer actually take body measurements? Or should we restrict our consideration to measurements that customer is likely to know without measuring, such as the waist? The one-piece coverall may best be sized by a vertical trunk circumference, with a tape passing over the shoulder and through the crotch. But this is a measurement that most people do not know for themselves, so unless the customer is likely to measure it before selecting a garment, then another key dimension should probably be used.
Selecting a dimension is a statistical as well as a practical matter. Statistically, the dimensions of choice are those which are highly correlated with other important garment design dimensions. In the case of a pilot's G-suit that pushes blood towards the head during a plane's rapid changes of direction, either waist or hip is equally effective in its association with the other design dimensions. As a practical matter, more individuals know their waist size than their hip size, so we would select waist circumference as the primary sizing dimension. For length, we would statistically examine the possible dimensions. In the particular example, we found that both leg inseam and leg outseam were better predictors of critical garment dimensions than was stature. Between leg inseam and outseam, inseam has the advantage that many men know (from slacks purchases) what their inseam is. From a pattern-making perspective, however, that dimension would pose difficult challenges since the Gsuit is essentially crotchless, and it would be difficult to associate human dimensions with garment dimensions without the seam at the crotch. We would therefore chose leg outseam (waist height at the navel) in that case as the length key dimension.
We next examine how much the key dimensions change per size. Sometimes this is a matter of tradition, as in the example of men's dress shirts. The neck is typically graded by ½ inch, so grading by ¾ inch would have a difficult time in the marketplace, even if a perfectly adequate it could be achieved. In other cases, especially on a new garment, it is not clear what the grade should be. In those cases, it is helpful to have a prototype of a central size, and to conduct a small fit test to determine the full range of body sizes and shapes that fit into a single size. This process, sometimes called "fit-mapping" (Robinette, 2000) , identifies through empirical data collection the upper and lower limits of body size for each key dimension in the garment size. It should be noted that the grade for each of the key dimensions is not necessarily the same. In the dress shirt example, while the neck is graded at ½ inch, the sleeves are usually graded at 1 or even 2 inches. If there is a third dimension, such as the difference between the chest circumference and the waist circumference, the "drop", that third dimension may simply sort customers into 2 or 3 broad categories, so it may have a grade of several inches.
When the accommodation range for a single size is known, then it is relatively straightforward to place the single size on the anthropometric distribution of the sample, and then place additional sizes until the accommodation goal for the population is met. This process determines both the grade of the key dimensions, and the total number of sizes needed to accommodate the population. Sometimes, business factors such as shelf space, rather than quality of fit, determine the number of sizes that are eventually produced.
With the sizing system established, the final step in anthropometric sizing is to determine which values of the design dimensions are to be used in the actual garment design. If there is a sufficient sample of people in each of the sizes, we would begin by calculating, for each of the sizes, the basic anthropometric summary statistics for subset of the sample in that size. The potential design dimensions for the G suit are seen in Table 1 , for the size Small-Short. A similar table would be created for each of the sizes. If the sample data set is not large enough to have adequate representation in each of the sizes for single-size summary statistics, then a linear regression method would be used to essentially take into account all the change in a given dimension from the smallest to the largest size, and proportion it equally over all the sizes. This is more similar to a standard grading approach.
Choosing the actual design dimensions-that is, the anthropometric dimensions of the fit model for that size-requires some understanding of the garment itself, some understanding of the fabric characteristics, and some understanding of the underlying body size variability. There is no formulaic approach that will be suitable in every case. In the G-suit example, for the circumferences (waist, hip, thigh, calf, etc.) we elected to design close to the maximum values seen in a size. We made this choice because a smaller person can be accommodated in a too-large garment, while the reverse is not true in a non-stretch fabric. Further, in selecting the maximum as opposed to the commonly used 95th percentile, we recognized that for this garment, a custom fit garment is not a realistic possibility. Thus, the sizing system simply must accommodate everyone in the population.
For the lengths, we designed to the middle of the range (mean value). Since the garment is essentially anchored at the waist, any excess length would not be spread over all the legs, but would be forced downward. This is especially critical in the location of the crotch cutout and the knee cutout. If these are misplaced (a problem in earlier versions of the garment) extreme discomfort will result. It is less of a problem if these cutouts are too high. In other garments, different decisions would be made.
When the design values for each of the sizes are chosen, typically a summary table is created, showing either the specific design values for each size, or a central size with grading increments for each body dimension. And, it should be noted that all the work to this point has been on body dimensions and not on garment dimensions.
Creating the patterns
The next step in the anthropometric sizing and patterning is to create the actual patterns. At this point, the designers and pattern-makers can work in their usual way. If there was a prototype used for fitmapping, then that becomes the central size, and the other sizes are created from there. If not, the designer and pattern-maker would create a prototype based on a living fit model whose dimensions match as closely as possible the body dimensions for the central size. After the prototype is optimized through the designer's usual process, then the pattern can be graded using the tables created in the previous step.
Validating the sizing and grading
A final piece is to validate sizing and grading by conducting a fit test. For a totally new garment, there would ideally be a test article in each size. For garments that are made routinely, typically only a few sizes-perhaps the central size, and sizes near the upper and lower end of the range-would be sufficient. Each size of the test articles should be tested by several participants (5 is a good minimum number) to verify that the sizing and grading functioned as intended.
Conclusion
A process has been outlined here to start with scanner-generated anthropometric data, and end with successful, tested patterns from a systematically developed sizing system. This systematic approach will allow a traceable path from scan data to verified patterns. Because it is systematic, it is amenable to changes in the process for specific garments, specific design populations or other unusual circumstances. It also allows designers update the sizing system as the population changes over time. It has been used on a number of garments, from dress clothing to functional and protective clothing, and has been successful each time.
